The purpose of this study was to evaluate the effect of air-blowing duration on the bonding performance of all-in-one systems using the same pressure (0.25 MPa). Three all-in-one systems were: EB (Easy Bond, 3M ESPE, USA), BB (BeautiBond, Shofu Inc., Japan) and GBp (G-Bond plus, GC Corporation, Japan). After adhesive application, the 3 systems were air-blown thereafter using 7 different durations (5 s, 10 s, 15 s, 20 s, 25 s, 30 s and 35 s). Bond strengths to dentin were determined using µTBS test after 24 h water storage. In addition, evaluation of both the resin-dentin interface and the fractured surface on the dentin side were performed by SEM. The maximum µTBS for each system, BB (40.4±14.8 MPa), EB (79.8±16.5 MPa), and GBp (47.3±17.6 MPa), were recorded with 15 s, 15 s and 25 s air-blowing duration respectively. Under the same air-pressure, the air-blowing duration could affect evaporation and the thickness of the adhesive layer, which contributed to the different bond strengths.
INTRODUCTION
Currently, a lot of manufacturers are focusing on simplifying the application procedures of dental adhesion 1) . "All-in-one" systems achieve etching, priming and bonding with one solution 2) , which appears to show a significant improvement in terms of application steps over the 3-and 2-step adhesive systems. The all-in-one system, in which the steps of the adhesive procedure are reduced, the application time as well as the technique sensitivity may be reduced 3) . Although all-in-one adhesives are the most user-friendly adhesive systems nowadays on the market, it has been reported by previous papers that the bonding performance of all-inone adhesives are inferior to that of both the 3-step 4) and 2-step self-etching systems 5) . One may speculate that self-etching systems are sensitive to the degree of evaporation of the solvent 6) . All-in-one systems are generally a complex mixture of filler particles, functional monomers, solvent(s), water, and other components. The blends of hydrophilic and hydrophobic components are necessary to achieve interaction between the resin and dentin. The solvent and the water are necessary to allow the hydrophilic and hydrophobic parts in one solution and to the self-etch tooth surface respectively. However, a sufficient amount of solvent and water needs to be evaporated by proper air-blowing to provide sufficiently good mechanical properties on the dentin surface. It has been reported that the evaporation 6) caused by the air-blowing step [6] [7] [8] has an influence on both the micro-tensile bond strength 8) and shear bond strength 7, 9) of all-in-one systems. Van Meerbeek et al. reported that high air-drying pressure could improve bonding effectiveness due to the efficient removal of a substantial amount of water 10) . On the other hand, previous papers reported that changes in the air-blowing distance 8) or air-blowing pressure could increase 11) , decrease 12) , or have no effect 13) on the bond strength to dentin. Unfortunately, some of manufacturers' instructions do not mention the appropriate air-blowing pressure, distance, and duration that would evaporate as much solvent as possible from the adhesives to contribute to the optimal bond strength. Inappropriate duration of air-blowing is probably employed clinically, hence, it is necessary to verify the proper duration of airblowing under laboratory conditions. The aim of this study is to evaluate the effect of airblowing duration on the micro-tensile bond strength (µTBS) of three contemporary all-in-one systems after 24 h water storage. The null hypothesis tested in the present study was that the bonding performance of all-in-one adhesives are not be affected by air-blowing duration.
MATERIALS AND METHODS

Teeth used
168 extracted non-carious human molars were used in this study to test three different all-in-one systems. Each set consists of 56 teeth which were further divided into 7 groups with 8 teeth in each group. The teeth were collected under a protocol reviewed and approved by the institutional review board of Hokkaido University. The teeth were stored at 4ºC in an aqueous solution of 0.5% Chloramine-T, and used within four months after extraction. Flat dentin surfaces were obtained by removing the coronal enamel of each tooth in a gypsum model trimmer with the water coolant, leaving the surrounding enamel. After that, the dentin surfaces were then ground with 600-grit SiC paper for 60 s under continuous water-cooling to produce a standardized smear layer prior to bonding.
Adhesives
Three commercially available all-in-one adhesives were employed for this experiment: EB (Easy Bond, 3M ESPE, St. Paul, MN, USA), BB (BeautiBond, Shofu Inc., Kyoto, Japan), and GBp (G-Bond plus, GC Corporation, Tokyo, Japan). The latter two products are HEMA-free adhesives. Table 1 shows the chemical formulations and the respective manufacturer's instructions for usage of these three adhesives. The adhesive procedures in the present study were derived from the manufacturer's application guide except for the air-blowing duration. Seven groups consisting of 8 teeth per adhesive were air-blown for 5 s, 10 s, 15 s, 20 s, 25 s, 30 s and 35 s, respectively, before light-curing. The air-blowing pressure was adjusted to be 0.25 MPa, and the air-gun head was vertical to the dentin surface from a distance of 15 mm. All steps were operated by the same researcher. All bonded surfaces were built-up with resin composite (Clearfil AP-X, Kuraray Medical Inc.; Okayama, Japan, Shade A3, Lots: 01320A) in increments to a thickness of 5 mm. Each incremental layer was light cured for 20 s (light output intensity properly controlled at no less than 550 mW/cm 2 ). The adhesive specimens were stored in distilled water at 37ºC for 24 h.
Micro-tensile Bond Strength (µTBS) Test
After 24 h water storage in 37ºC, 6 resin-bonded sticks (1mm×1mm approximately) were obtained from each bonded specimen using a diamond saw (Isomet Low Speed Saw, Buehler, Lake Bluff, IL, USA). The sticks were then fixed to a Ciucchi's jig with cyanoacrylate glue (Model Repair II Blue, Dentsply-Sankin, Otahara, Japan) and subjected to a tensile force at a crosshead speed of 1 mm/min in a desktop testing apparatus (EZ test, Shimadzu, Kyoto, Japan) until failure occurred. The µTBS was expressed in MPa, dividing the applied force (N) at the time of fracture by the bonded area (mm 2 ). In µTBS values obtained by seven different durations of air-blowing, the duration which indicated the maximum bond strength was set as the optimal duration for each adhesive. The group with the optimal duration was set as a contral group to compare with the other six groups using the Dunnett Test (n=48, p<0.05). Then the µTBSs of optimal duration from the three adhesives were analyzed by the Tukey Test for the comparison of the three adhesives (n=48, p<0.05).
Failure modes
The modes of failure were determined using a lightmicroscope (×20, Magnifier Light, Asone, Osaka, Japan). The failure modes were categorized as:
A: mixed with dentin cohesive failure: adhesive+ cohesive in dentin. B: adhesive failure at the resin-dentin interface only. C: mixed with cohesive failure in composite:
adhesive+cohesive in resin composite.
SEM observation 1. Observation of the dentin surface after µTBS testing
The fractured surface of the dentin-side from all specimens after the µTBS test were dried overnight in desiccators at room temperature, then sputter-coated and observed using FE-SEM (S-4000, Hitachi, Tokyo, Japan) with an accelerating voltage of 10 kV. 2. SEM observation of the resin-dentin interface To observe the morphology of the resin-dentin interface, the newly prepared resin-bonded specimens were sectioned perpendicularly to the adhesive interface, using an Isomet saw, to obtain two slabs of 2 mm thickness of each system. The cut surfaces were sequentially polished with 600-, 800-, and 1000-grit silicon carbide papers under running water. This was followed by polishing sequentially with 6-, 3-, 1-µm diamond pastes (DP-Paste, Struers, Denmark), and cleaning with an ultrasonic device between each diamond paste polish. After polishing, the specimens were immersed in 1 M hydrochloric acid for 30 s and 5% sodium hypochlorite for 5 min, followed by rinsing with water. After drying, the specimens were sputter-coated with Pt-Pd for 120 s. The resin-dentin interfaces were then observed using a scanning electron microscope (SEM, S-4000, Hitachi, Tokyo, Japan). The panoramic SEM images in the present study were seamlessly connected by Adobe Photoshop CS4 (Version:11.0.27) with three independent sequence photographs from each adhesive.
RESULTS
µTBS of each adhesive
The µTBS data are presented in Table 2 The maximum value of EB was statistically higher than that of both BB and GBp. The result of failure modes is shown in Fig. 1 . For the three adhesives, the failure mode had a tendency to show the higher incidence of mixed failure (adhesive+ cohesive in resin composite) at the optimal duration. Figure 2 shows the SEM observations for the fractured surface of the dentin side. The bubbles within the , p>0.05) . The only one specimen in 5 s of GBp group was failed before testing, and the specimen was evaluated as 0 MPa. Fig. 1 The percentage of fracture modes (n=48/group). A=mixed: adhesive+cohesive in dentin. B=adhesive failure at the resin-dentin interface only. C=mixed: adhesive+cohesive in resin composite. For the three adhesives, the failure mode had a tendency to show the higher incidence of mixed failure (adhesive+cohesive in resin composite) at the optimal duration. (a) shows the resin-dentin interface of 5 s group. The air-bubble with 16 µm diameter could be observed on the bottom of resin layer. The thickness of adhesive layer ranged between 7/20 µm. The small bubbles could be observed on the top of adhesive layer (arrowed). The big bubbles embedded on the bottom of adhesive layer and the gap-formation was also noted. The cracked resin tags were pulled out of the dentin tubules. (b) shows the resin-dentin interface of 15 s group. There is no bubbles existed within resin layer. The adhesive layer was consistent and the thickness could be 5 µm. The small bubbles were noted on the top and bottom of adhesive layer (arrowed). (c) shows the resindentin interface of 35 s group. There is no bubbles existed within resin layer. The thickness of adhesive layer ranged between 1-7 µm. Only the small bubbles were noted within and on the top (arrowed) of adhesive layer. The quantity of bubble was decreased. adhesive resin were noted in all three 5 s observations, although the size of bubbles on the top of the adhesive layer of EB (arrowed) was rather smaller than that of both BB and GBp. With the prolonged air-blowing duration, both the size and the quantity of bubbles on the top of adhesive layer were decreased regardless the adhesive selected in this study. Figures 3 (a), (b) and (c) show the SEM observation of the resin-dentin interface of BB. A higher magnification view of the boxed region is also presented. The gapformation at the interface between the bottom of the adhesive and the dentin surface was observed in the 5 s groups. In addition, blister-like structures could be seen at the bottom of the adhesive layer. With the air-blowing duration prolonged, the thickness of the adhesive layer was reduced. The bubbles on the top or inside of the adhesive layer could be observed in these groups, and the size and the number of the bubbles were diminished with the air-blowing duration prolonged. Figures 4 (d) , (e) and (f) show the SEM observation of the resin-dentin interface of EB. With the air-blowing duration prolonged, the thickness of the adhesive layer has been reduced. The smaller bubbles could be observed on the top of the adhesive layer in the 5 s groups.
SEM observation of fracture surface on dentin side after µTBS testing
SEM observation of the resin-dentin interface
Figures 5 (g), (h) and (i) show the SEM observation of the resin-dentin interface of GBp. A higher magnification view of the boxed region is also presented. Gap-formation at the interface between the bottom of the adhesive layer and the dentin surface was observed in the 5 s groups. The adhesive layer showed a wave shape in both the 5 s and 25 s observations, but was thin and smooth in the 35 s observation. The bubbles on the top of the adhesive layer were observed in each of the three observations.
DISCUSSION
All-in-one systems were created to be simpler and faster adhesive systems compared to the 3-and 2-step systems in terms of priming, bonding, and waterrinsing. However, the all-in-one system is still technique sensitive with regards to the air-blowing step [6] [7] [8] [9] 11, 12) . Hence, air-blowing may be a crucial step to achieve good bonding of the all-in-one systems.
In the instructions of the systems selected in this study, EB requires gentle air-blowing without scattering for 5 s. BB requires blowing gently for the first 3 s and more strongly after that. GBp is the only system requiring blowing with maximum air-pressure throughout.
The air-pressure of this study was fixed at 0.25 MPa, as an intermediate value between the 'gentle air stream' (0.12 MPa) and 'strong air stream' (0.68 MPa) reported by Spreafico D et al. 12) ; and the 'gentle' (0.1 MPa) and 'high' (0.4 MPa) air-drying pressure as reported by De Munck et al. 13) . The distance from air-jet to the dentin surface was fixed at 15 mm to unify the operative condition of this study.
EB is the only HEMA-containing all-in-one system selected in this study. The voids could not be found inside of the adhesive layer for all the specimens of EB. Only a few bubbles were observed on the top of the adhesive layer in the 5 s group. This may be explained by the hydrophilic effect of HEMA. HEMA plays a key role 14) in the all-in-one systems, which has been reported to positively influence the bond strength to dentin 14, 15) . The bonding application could be considered as a semipermeable membrane, allowing the water transport from the environment into the interface. The voids are initiated in weak spots along to the adhesive interface 16) . Therefore, the voids derived from phase separation could not be found inside of the adhesive layer for all the specimens of EB. The combination of main components in EB (HEMA, water, and ethanol) may allow good wettability, which may be one of the reasons for the good bond performance of the adhesive.
In the present study, lower bond strengths were produced by both shorter and prolonged air-blowing duration in comparison with optimal duration (15 s for BB and EB and 25 s for GBp) through these 3 systems. The main reason for the lower bond strength with the shorter air-blowing duration could be the remaining water and solvents in the adhesives 9) . The solvent may not have been completely evaporated by air, on the other hand, three all-in-one systems selected in present study contain water, and the water may have remained in the adhesive due to incomplete evaporation 11) produced by shorter air-blowing duration, thus, acting as inhibitors of polymerization of the resin composites to the all-inone system 9, 17) . The remnants of water in hydrophobic non-HEMA adhesives (BB and GBp) could form bubbles derived from phase-separation. The bubbles could act as flaws to reduce the strength of these adhesives. (see Fig.  1 and Fig. 2 ) This could explain the poor bond strength of these three all-in-one systems in the shorter air-blowing groups. Therefore, it may be concluded that the effect of 5 s air-blowing duration (advised by instruction) with the intermediate air pressure of 0.25 MPa did not encourage complete evaporation for the all-in-one systems under the conditions of the present study.
In the present study, the maximum value appeared at 15 s (for BB and EB) and 25 s (for GBp) respectively, which is consistent with the fact that proper air-blowing duration could remove a substantial amount of solvents and water thereby improving bonding effectiveness 8, 12) . As two studies has been shown previously 6, 9) , the bonding performance of all-in-one systems increased by the extension of the air-blowing duration from 0 s to 10 s. However, there were only a few researches evaluating the effect of 'prolonged air-blowing'. In the present study, the air-bowing duration was prolonged to 35 s, which significantly decreased the bond strength of all three adhesives selected. The potential risks of prolonged airblowing may be: 1) lower degree of conversion caused by too much loss of solvents 18) ; 2) oxygen inhibition 19) ; 3) thinning of the adhesive layer 20, 21) (Fig. 2) . Under the SEM observation of the resin-dentin interface, the adhesive layer of BB and EB showed coherence than that of GBp. In this study, BB and EB contain Bis-GMA, which exhibits a high vicosity 22) . The presence of Bis-GMA monomer with a high viscosity in adhesive might influence its final form of adhesive layer. On the other hand, the thickness of the adhesive layer was aslo influenced by different air-blowing durations and resulted in different bond strengths. Zheng L et al. 21) reported that the bond strengths of the two-step adhesive systems to dentin were also influenced by the adhesive thickness, which was consequently influenced by the air-blowing intensity. The inconsistent or thick adhesive layers were produced by shorter air-blowing duration in this study. It may be caused by the solvent and water remaining in the adhesive. They may not have been completely removed, resulting in poor polymerization 9, 21) that decreased the bond strength in both the 5 s and 10 s groups. However, in the 35 s groups, the low bond strength and thinner adhesive layers were interrelated and interacted by prolonged air-blowing. The failure mode involved high percentage of type B (adhesive failure at resin-dentin interface) in the 35 s groups of all 3 systems. It was suspected that the lower bond performance correlated with the thinning of the adhesive layer produced by longer air-blowing. In addition, the reduced proportion of solvent and oxygen inhibition may result in inferior mechanical properties of the adhesive layer.
The results of this study revealed that air-blowing durations had a significant effect on the bond strength of the all-in-one systems. In the present study, the bond strength of BB, EB and GBp were decreased by both short and long air-blowing duration. Based on the results obtained, the null hypothesis that the bonding performance would not be affected by air-blowing duration was rejected.
The optimal air-blowing duration was materialdependent and may also be influenced by many factors under different situations and clinical conditions (as airpressure, distance, size, depth, form and temperature of cavities). Therefore, there may be an optimal air-blowing duration for superior bonding performance in the all-inone system, which should be evaluated under clinically simulated conditions in the future study.
